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At present, Global Navigation Satellite Systems (GNSS) users usually eliminate the influ-
ence of ionospheric delay of the first order items by dual-frequency ionosphere-free
combination. But there is still residual ionospheric delay error of higher order term. The
influence of the higher-order ionospheric corrections on both GPS precision orbit deter-
mination and static Precise Point Positioning (PPP) are studied in this paper. The influence
of higher-order corrections on GPS precision orbit determination, GPS observations and
static PPP are analyzed by neglecting or considering the higher-order ionospheric correc-
tions by using a globally distributed network which is composed of International GNSS
Service (IGS) tracking stations. Numerical experimental results show that, the root mean
square (RMS) in three dimensions of satellite orbit is 36.6 mme35.5 mm. The maximal
second-order ionospheric correction is 9 cm, and the maximal third-order ionospheric
correction is 1 cm. Higher-order corrections are influenced by latitude and station distri-
bution. PPP is within 3 mm in the directions of east and up. Furthermore, the impact is
mainly visible in the direction of north, showing a southward migration trend, especially at
the lower latitudes where the influence value is likely to be bigger than 3 mm.
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With the development of Global Navigation Satellite Sys-
tems' (GNSS) applications in high-precision GNSS geodetic
areas, such as plate movement, earthquake disaster predic-
tion, global reference frame realization and so on, the posi-
tioning accuracy at centimeter-level and millimeter-level has
been paid more and more attention. Ionospheric delay is still
one of the major error sources of GNSS positioning. The first-
order ionospheric effect can be corrected by the ionosphere-
free combination of L1 and L2 signals. However, there are still
residual ionospheric delay errors which are caused by the
second and third order ionospheric at centimeter-level [1e3].
Although triple-frequency combination can directly eliminate
the first-order and second-order ionospheric delay, the com-
bination obviously magnify the noise at the same time. The
actual application of triple-frequency combination needs to be
further studied [4,5]. Therefore, in order to improve the posi-
tioning accuracy, orbit determination and so on, it is neces-
sary to weaken the influence of higher order term by higher-
order ionospheric delay corrections.
In recent years, higher-order ionospheric delay correction
has been paid more attention by many scholars who have
made in-depth research on higher-order ionospheric delay
[6e15]. However, most of the research focuses on analyzing
the influence of higher-order ionospheric delay on relative
positioning. Higher-order ionospheric delay was discussed in
this paper. The higher-order ionospheric delay results from
the interaction of the ionosphere and themagnetic field of the
Earth. It depends on the slant total electron content (STEC),
magnetic field parameters at the ionospheric pierce point
(IPP), and the angle between the magnetic field and the di-
rection of signal propagation. The second and third order
ionospheric effects which were taken into account in GPS
satellite orbit determination and GPS data processing were
investigated. The International Geomagnetic Reference Field
(IGRF12) was used to calculate higher-order ionospheric delay.
For the orbit determination case, corrected and uncorrected
GPS data of a global network of 125 IGS stations from higher-
order ionospheric delay were used to conduct orbit determi-
nation, respectively. The influence of higher-order corrections
on orbit determination was analyzed by comparison with the
IGS final products.
Higher-order ionospheric delays for stations located at
different latitudes were obtained with GPS dual-frequency
data, and their temporal and spatial behavior was investi-
gated. The processing of PPP was accomplished using data
collected from the IGS stations at different latitudes, and a
comparison analysis was carried out.2. Higher-order ionospheric delay
In GNSS positioning, when the higher-order ionospheric
delay is considered, the observation equation for both code
pseudorange and carrier phase [13,14,16] can be formulated
as:
Pi ¼ rþ cðdtr  dtsÞ þ pf 2i
þ q
f 3i
þ t
f 4i
þ 3P (1)Li ¼ rþ cðdtr  dtsÞ  pf 2i
 q
2f 3i
 t
3f 4i
þ liNi þ 3L (2)
where i is the frequency dependent terms, Pi is the code
measurement (pseudorange) (unit: m), Li is the carrier phase
measurement (unit: m), r is the geometrical range between
satellite and receiver (unit: m), c is the speed of light in
vacuum (unit: m/s), dtr is the receiver clock errors (unit: s),
dts is the satellite clock errors (unit: s), li is the wavelength
of the carrier phase, (unit: m), Ni is the integer carrier-phase
ambiguity (unit: cycle), 3P and 3L are the other error sources,
p is the total electron content integrated along the line of
sight (LOS), q the second-order ionospheric effect, t is
the third-order ionospheric effect. p, q and t [17,18] can be
given as:
p ¼ 40:3
Z
Nedl ¼ 40:3STEC (3)
q ¼ 7527c
Z
NeB cos qdlz2:2566 1012B cos qSTEC (4)
t ¼ 2437
Z
Ne2dlþ 4:74 1022
Z
NeB2

1þ cos2 qdl
z1602:749NemaxSTEC
(5)
where Ne is the electron density (unit: electrons/m3), STEC is
the slant total electron content, B is the magnetic field at the
IPP, q is the angle between the magnetic field and the propa-
gation direction, being the integral performed over the LOS,
Nemax is the maximum electron density at the height of the
ionospheric layer.
The well-know n ionosphere-free linear combination can
be formed to eliminate the first-order ionospheric delay.
When second and third-order ionospheric delay is considered,
the expressions for both ionospheric-free code-pseudoranges
and carrier phases (P3 and L3) [13,16] can be expressed as
follows:
P3 ¼ f
2
1
f 21  f 22
P1  f
2
2
f 21  f 22
P2
¼ rþ q
f1f2

f1 þ f2
þ t
f 21 f
2
2
þ 3P3
(6)
L3 ¼ f
2
1
f 21  f 22
L1  f
2
2
f 21  f 22
L2
¼ rþ l3N3  q
2f1f2

f1 þ f2
 t
3f 21 f
2
2
þ 3L3
(7)
where P3 is the first-order ionosphere-free code-pseudorange
combinations, L3 is the first-order ionosphere-free carrier-
phase combinations, r includes the geometric range plus
other errors, l3 is the wavelength of the ionosphere-free car-
rier-phase combinations, N3 is the ambiguity of the iono-
sphere-free carrier-phase combinations, 3P3 and 3L3 are the
other error sources.
Equations (4)e(7) show that the higher-order ionospheric
delay depends on the STEC along the LOS and the magnetic
field parameters at the IPP. STEC values may be obtained from
agencies such as the IGS [19,20]. IGS produces global iono-
spheric maps (GIMs) in the ionospheric exchange (IONEX)
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and a 5 (longitude) by 2.5 (latitude) spatial resolution. Rapid
GIMs are available with a delay less than 24 h and accuracy in
the order of 2e9 TECU, while final GIMs are available with a
delay about 11 days and accuracy in the order of 2e8 TECU
[20]. But GIMs only provide the vertical total electron content
(VTEC), and VTEC should be converted to STEC using a
projection function. STEC computed by GIMs can introduce
up to 50% error at low elevations and low latitude [2].
Alternatively, STEC can be directly estimated by geometry-
free linear combination from GPS code-pseudorange
measurement [23]. This method requires satellite and
receiver differential code biases. The combination [21] can
be expressed as follows:
STEC ¼ 1
40:3
f 21 f
2
2
f 22  f 21
ðP2  P1Þ þ cDCBrP1P2 þ DCBsP1P2 (8)
where, DCBrP1P2 represents receiver differential code biases;
DCBsP1P2 satellite differential code biases.3. Experiment and analysis
3.1. Experimental data and processing strategies
To investigate the effect of higher-order ionospheric delay
on the GPS satellite orbit and PPP, PANDA software was used
[22,23]. A global cluster of 125 IGS stations located at different
longitudes and latitudes (Fig. 1) were uniform-distributed. GPS
measurements collected at the 125 IGS stations had been
downloaded from the IGS website for DOY173 of 2015 (June
22, 2015). Sampling rate is 30 s. STEC values were computed
using Equation (8) and the CODE published satellites and IGS
stations receivers DCBs were applied [24]. International
Geomagnetic Reference Field (IGRF12) was used to compute
B and q [25]. Precise obit, clock, antenna phase center
correction and other products were downloaded from the
IGS. Satellite cut-off elevation angle is 10. The height of
ionospheric is 450 km.Fig. 1 e Distribution3.2. Influence of higher-order ionospheric delay on the
orbit determination of GPS satellite
To investigate the effect of higher-order ionospheric delay
on the GPS satellite orbit, PANDA software was used. Firstly,
the raw data are used to estimate the GPS precise orbit
determination, the GPS satellite orbit which was uncorrected
for the higher-order ionospheric delay was got. Then the raw
data were corrected for the higher-order ionospheric delay
using equations (4)e(7), the corrected data sets were then
input to the PANDA software to estimate the GPS satellite, and
got the GPS satellite orbit which took into account the higher-
order ionospheric delay. Finally, the calculation results were
compared with IGS final precise orbit products to get the
corresponding satellite orbit residual value RMS (Figs. 2 and 3).
In comparison with the IGS final orbit, RMS results showed
that the effect of higher-order ionospheric delay on GPS sat-
ellite orbit ranged from 10.5mm to 10.1mm in radial, 24.7mm
to 23.7 mm in the along-track, and 23.5 mm to 23.9 mm in
cross-track directions, respectively. The RMS in three di-
mensions of satellite orbit was 36.6 mme35.5 mm. Analysis
shows that IGS final orbits were based on weighted averages
of the individual IGS Analysis Center (AC) daily and weekly
solutions, including Center for Orbit Determination in Europe
(CODE), European Space Operations Center of European Space
Agency (ESA), Jet Propulsion Laboratory (JPL) and so on [26].
But in this paper, orbit results were just estimated in one
day by PANDA software, the IGS stations didn't fully cover
the global, leading to orbit results that there was a certain
bias. The influence of the higher-order ionospheric delay on
the GPS satellite orbit needs to be further studied. According
to the above results and analysis, we can know that the
effect of higher-order ionospheric delay on the GPS orbit is
at millimeter level, the residual higher-order ionospheric
delay term still restricts its accuracy, and then affects the
convergence time and calculation accuracy of PPP. So for
precise orbit determination and calculating the GPS satellite
precise orbits, higher-order ionospheric delay should be take
into account, to further improve the accuracy of orbit
determination and GPS precise orbits.of IGS stations.
Fig. 3 e Comparison of GPS satellite orbits RMS with ionospheric high-order delay corrections.
Fig. 2 e Comparison of GPS satellite orbits RMS without ionospheric high-order delay corrections.
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observation
To investigate the effect of higher-order ionospheric delay
on the GPS observation data, different latitude IGS tracking
stationswere selected (Fig. 1). The results of the SGOC station
(6.89N), BJNM (40.25N), OHI3 station (63.32S) are shown in
Figs. 4e6. Higher-order ionospheric delay has obvious effect
on station observations data, which can be seen in Figs.
4e6. In general, the maximal values of higher-order
ionospheric delay commonly occur in the afternoon of the
local time. Second-order terms delay is larger than third-
order terms delayed by one order of magnitude. The
maximum value of the second-order terms delay can reach
about 9 cm. The third-order terms delay can reach about
1 cm. The high-order delay of L2 is about two times as
much as L1. The second-order terms and third-order terms
variation curves with time are basically consistent.
Influenced by the observe noise, the smoothness of results
curve is poor. Higher-order ionospheric delay is influenced
by latitude, station distribution, as can be seen from the
statistical results of three different latitudes test station.
Especially at low latitudes, the TEC values and magnetic
induction intensity is relatively larger and stronger, the
higher-order ionospheric delay is larger. At different latitudes,the higher-order ionospheric delay has different distribution
characteristics. Influenced by the magnetic induction in-
tensity, the second-order ionospheric term delay of the SGOC
station is obvious “symmetry” [27]. In other middle and high
latitude regions, the second-order ionospheric term delay
can be positive and negative, and the third-order
ionospheric term delay is always positive.
3.4. Influence of higher-order ionospheric delay on the
PPP
To investigate the effect of higher-order ionospheric delay
on the PPP, 12 IGS stations were selected from different lati-
tudes (Fig. 1). The latitude and longitude of the IGS stations are
shown in Table 1. The corrected and uncorrected GPS data
from higher-order ionospheric delay were processed in the
static PPP, respectively, using PANDA software. For the static
PPP, a period of one day is considered, the GPS data were
processed in a daily solution. The data used were the
ionosphere-free linear combination of code-pseudorange
and carrier-phase measurements. Fig. 7 shows the 3D
solutions obtained with and without the higher-order
ionospheric corrections. As can be seen from Fig. 7, the
effect of higher-order ionospheric delay on the north
direction is the most significant, reaching a maximum of
Fig. 5 e High-order of ionospheric delay at BJNM.
Fig. 4 e High-order of ionospheric delay at SGOC.
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direction. The effect of higher-order ionospheric delay on
the north direction shows a trend of southward migration
[28,29]. For east direction and up direction, the maximum of
the effect can reach 2.5 mm, but showing no consistent
trend of migration. Higher-order ionospheric delay
influences on the static PPP at low-latitude regions are more
significant than that of mid- and high-latitude regions. Atlow-latitude regions, especially near the equator,
ionospheric activity is stronger than the middle and high
latitude regions. The higher-order ionospheric delay of low
latitude regions is larger. The effect on the north direction is
likely to be more than 3 mm, the east and up direction is
less than 3 mm. At middle- and high-latitude regions, the
higher-order ionospheric delay has little influence. The
effect on north, east and up direction is less than 2 mm. In
Fig. 6 e High-order of ionospheric delay at OHI3.
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code-pseudorange observation. The low precision of the
code-pseudorange observation, which is easy to be affected
by multipath and observe noise, leads to some errors in the
positioning results. These results indicate that for high
accuracy PPP, higher-order ionospheric delay must be taken
into consideration.4. Summary and discussions
The higher-order ionospheric delay and its impact on the
accuracy of estimating GPS satellite orbit and GPS observation
data were studied in this paper. In addition, the effects of
higher-order ionospheric delay on the PPP solution were
examined. In this paper, the second and third order iono-
spheric delay is taken into account in the orbit determination
and PPP. The corrected and uncorrected data from the delay
was processed in the orbit determination and PPP. The mainTable 1 e Latitudes and longitudes of IGS stations.
IGS stations Latitudes () Longitudes ()
NRIL 69.3618 88.3598
MOBN 55.1149 36.5695
NIST 39.9951 254.7374
USUD 36.1331 138.3620
BOGT 4.6401 285.9191
MAL2 2.9961 40.1941
ASPA 14.3261 189.2776
ABPO 19.0183 47.2292
KOUC 20.5587 164.2873
CHPI 22.6871 315.0148
ROTH 67.5714 291.8742
DAV1 68.5773 77.9726goal was to analyze the impact of higher-order ionospheric
delay in the orbit determination and PPP. STEC derived from
the code measurements on L1 and L2, along with the IGRF
geomagnetic field model (IGRF12), was used to estimate the
correction for the higher-order ionospheric delay. A global
cluster consisted of 125 IGS stations was used to estimate the
GPS satellite orbit using PANDA software. The 12 IGS stations
were chosen from different latitudes and processed in the PPP
approaches through comparative analysis, the following
conclusions were drawn.
1) The effect of higher-order ionospheric delay on the GPS
orbit was atmillimeter level. Comparisonwith the IGS final
orbit, the results of RMS showed that the effect of higher-
order ionospheric delay on GPS satellite orbit ranged from
10.5 mm to 10.1 mm in radial, 24.7 mm to 23.7 mm in the
along-track, and 23.5 mm to 23.9 mm in cross-track di-
rections, respectively. The 3D RMS of satellite orbit was
36.6 mme35.5 mm.
2) Higher-order ionospheric delay had obvious effect on sta-
tion observations data. The second-order ionospheric
delay could reach a maximum of about 9 cm and the third-
order delay reached a maximum of about 1 cm; the higher-
order ionospheric delay was influenced by latitude, station
distribution; at different latitudes, the higher-order iono-
spheric delay has different distribution characteristics,
especially in low latitude regions, second-order term was
obvious “symmetry”; the second-order ionospheric term
delay could be positive and negative, and the third-order
ionospheric term delay was always positive.
3) The influence of higher-order ionospheric delay on the
static PPP was related to latitude. Higher-order ionospheric
delay influences on the static PPP at low-latitude regions
were more significant than that of mid- and high-latitude
regions. The influence of north direction was larger than
Fig. 7 e Comparison PPP results from different latitudes.
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migration, especially at low-latitude regions, especially at
low-latitude regions where the maximum influence value
could reach to 4.2 mm; the maximum influence of the east
and up direction could be up to 3 mm, but showing no
consistent trend of migration.
Using GPS dual frequency observation data could directly
correct the higher-order ionospheric delay, which can be used
for real-time and quasi real-time positioning without
acquiring external GIM data. But due to the low accuracy of
the code-pseudorange observation, it is necessary to further
study the accurate calculation of the TEC. The higher-preci-
sion STEC can improve the accuracy of the satellite orbit
determination and PPP. For different solar activities and the
ionosphere activities, the influence of the higher-order iono-
spheric delay on the orbit determination and PPP needs to be
further studied.
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